The analytical solution of the Chandler-Silbey-Ladanyi Percus-Yevick ͑CSL-PY͒ approximation for multicomponent molecular site-site fluids is presented. The molecules are modeled by a collection of an arbitrary number of hard-sphere sites of any size and geometrical arrangement, provided only that all sites are in contact and the bonding distance is equal to the contact distance between the sites of the molecule. Assuming an additional approximation for the intramolecular correlation between the molecular sites not bonded directly the solution is extended to the case of flexible molecules. A closed-form analytical expression for the compressibility equation of state is derived. In the case of the linear flexible chain model polymer system, this equation of state coincides with the equation of state derived earlier ͓Y. C. Chiew, Mol. Phys. 70, 129 ͑1990͔͒.
I. INTRODUCTION
An important contribution to the development of the statistical mechanical description of fluids is due to the availability of the analytical solutions of the integral equation approximations ͑IEAs͒ for a number of different model systems. Historically, the first IEA to be solved analytically was the Percus-Yevick ͑PY͒ approximation for the hard-sphere fluid 1,2 just over 30 years ago. Since then, analytical solutions have been obtained for a great variety of model fluid systems, which in addition to the hard-sphere repulsive short-range interaction include both soft repulsive and attractive tails of different types ͑see Refs. 3 and 4, and references therein͒. Recently, the models which combine the hardsphere interaction with the so-called sticky, or adhesive, interaction received a great deal of attention. The adhesive hard-sphere ͑AHS͒ fluid model was introduced by Baxter 5 as an analytically tractable limit of the square-well fluid, when the initially finite square-well potential is deformed into an infinitely deep and infinitely narrow potential under the condition of maintaining the second virial coefficient constant. 6 This results in the appearance in the PY closure conditions of a term containing a Dirac delta function. More recently, analytical solutions were find for a number of the other models, which are described by IEAs involving delta-function terms. This includes the solution of the site-site Ornstein-Zernike ͑SSOZ͒ PY and mean spherical approximations ͑MSA͒ for the symmetric n-atomic fused hard-sphere neutral, Yukawa and polar molecular fluids [7] [8] [9] [10] [11] [12] [13] [14] and their mixtures with uncharged and charged hard spheres, 15, 16 solution of the PY and MSA for the uncharged and charged shielded-stickyshell models [17] [18] [19] and solution of the two-density PY and MSA for the system of dimerizing uncharged and charged hard spheres. [20] [21] [22] [23] [24] [25] [26] [27] In this paper, we apply these previously developed techniques to the solution of the Chandler-Silbey-Ladanyi ͑CSL͒ equation closed by the PY approximation for the multicomponent hard-sphere site-site fluid. CSL equation is the integral equation for the site-site fluid which was derived on an exact diagrammatic basis by Chandler et al. 28 and by Rossky and Chiles. 29 This integral equation formalism is closely related to the two-density integral equation theory for associating fluids developed by Wertheim. 30 For the system of particles associating into the site-site molecules the latter formalism yield a set of integral equations that extend the ''proper'' CSL equation into a set of equations that describe the model fluid over all degrees of association and reduce to the CSL equation in the complete association limit. 23, 27, 31, 32 Analytical solution of the two-density theory, which in the complete association limit coincide with the solutions of the CSL-PY and CSL-MSA approximations for the homonuclear and multicomponent mixture of heteronuclear neutral and polar hard-sphere site-site molecules, have been derived in Refs. 20-27. More recently, an analytical solution of the CSL-PY approximation for the homonuclear n-atomic symmetrical hard-sphere site-site fluid was presented in Refs. 33 and 34, but the authors were apparently unaware of the close relation and degree of overlap between their results and the earlier work we cited.
The paper is organized as follows. In Sec. II, we discuss the model and CSL-PY closure conditions. The solution of the problem is presented in Sec. III, and in Sec. IV, we derive the compressibility equation of state and present the expressions needed to calculate the structural properties. Our a͒ results are presented and discussed in Sec. V, and our conclusions are collected in Sec. VI.
II. THE MODEL AND PY CLOSURE CONDITIONS
We consider the n-component site-site molecular fluid with each molecule of species a represented by m a hardsphere sites of sizes ␣ a . We denote the molecular species by the small letters a,b,c,... which take the values 1,2,...,n and the site type in a given molecule a by small greek letters ␣,␤,␥,... taking the values 1,2,...,m a . Thus the site have two indices, one denoting the species of the molecule and the other the site type in the molecule. For example the hardsphere diameter of the site of type ␣ belonging to the molecule of species a is denoted by ␣ a and the pair correlation function between the sites of type ␣ and ␤ belonging to the molecules of species a and b is denoted by h ␣␤ ab (r). We assume also, any geometrical arrangement of the sites in the molecule which is consistent with the following condition
where L ␣␤ a is the bonding distance between the sites ␣ and ␤ belonging to the same molecule of species a. Thus the molecules can consist of hard spheres in an arbitrary geometrical arrangement provided only that all the sites are in contact.
PY approximation for this model takes the form 29, 30 c ␣␤ ab ͑r͒ϭ0 for rϾ ␣␤ ab , ͑2͒
where h ␣␤ ab (r) and c ␣␤ ab (r) are the matrices with the elements h ␣ i ␤ j ab (r) and c ␣ i ␤ j ab (r) being partial total and direct correlation functions
E ␣␤ ab is the matrix with the elements
. Here, we are using slightly modifyed version of the notation utilized by Rossky and Chiles. 29 The subindices i and j take the values 0 and 1 and denote the state of the corresponding site. The value iϭ0 denotes the unbonded ͑or atomiclike 29 ͒ state and iϭ1 denotes the bonded state. Thus, the partial correlation functions in the notation of Rossky and Chiles are related to the corresponding correlation functions in the present notation by
This notation is also consistent with the notation introduced by Wertheim.
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The total h ␣␤ ab (r) and direct c ␣␤ ab (r) correlation functions are coupled by the following CSL equation:
where * denotes the convolution, a and S ␣␤ a are the following matrices:
a is the number density of the molecules of a species and ␣␤ a (r) in the Fourier k space is
This completes the PY closure conditions for the present rigid site-site models subject to the constraints discussed above. In order to extend the applicability of the present solution to the case of the flexible site-site models, we assume that for the site which are not directly bonded the corresponding elements of the matrix S ␣␤ a are equal zero. Although this approximation is neglecting the intramolecular correlations between the nonbonded sites at a distances rϾ ␣␤ a , it is still preserving the condition of mutual impenetrability via the closure conditions ͑3͒. This approximation will be tested against the computer simulation results.
III. ANALYTICAL SOLUTION OF THE CSL-PY APPROXIMATION
The proposed method of the solution of the CSL Eq. ͑4͒ is based upon the Baxter-Wertheim factorization technique, 35, 36 and follows the schemes developed earlier. 5, [7] [8] [9] [10] [11] [12] [13] [14] [20] [21] [22] [23] [24] [25] [26] In particular, our solution is quite similar to that obtained in Ref. 22 for the multicomponent dimerizing hard-sphere system described by the two-density PY approximation. We will follow the scheme developed in Ref. 22 closely.
We start, by presenting the set of Eqs. ͑4͒ in a form convenient for factorization
where ĉ(k), ĥ (k), and Ŝ (k) are the matrices with the elements being the Fourier transforms of the elements of the matrices c ␣␤ ab (r), h ␣␤ ab (r), S ␣␤ a (r)␦ ab , respectively, and
The corresponding set of equations in the real space takes the form
where 
where
The set of Eqs. ͑14͒ and ͑15͒ and boundary conditions, imposed on the function q ␣ i ␤ j ab (r),
form a closed set of linear equations for the unknowns of the problem A ␣ i a , B ␣ i a , and C ␣ i ␤ j ab . Here, the matrix ⌬ ␣␤ a defines geometrical arrangement of the sites in the molecule of species a, i.e., ⌬ ␣␤ a ϭ1 for the sites ␣ and ␤ directly connected by the intramolecular bond and ⌬ ␣␤ a ϭ0 otherwise. Solution of this set of equations gives
͑21͒
This completes the analytic solution of the problem. One can easily see, that the solution presented here reduces to the previously obtained solutions of the PY and CSL-PY approximations for the multicomponent hard-sphere 35 and dimer hard-sphere 22 fluids if an appropriate choice for the elements of the matrix ⌬ ␣␤ a is made.
IV. THERMODYNAMICS AND STRUCTURE
As in the case of the simple fluids, the compressibility pressure in the CSL-PY approximation can be obtained from the closed-form expression obtained from the corresponding compressibility relation. This expression, initially proposed by Baxter 5 for simple fluids, was extended by Wertheim 30 in the framework of the two-density formalism. Since for the present model explicit expressions for the Baxter factor q function are available ͓Eqs. ͑12͒ and ͑13͔͒, we will use here the following expression:
where i j a ϭ(1Ϫ␦ i1 ␦ j1 ) a and
Expressions for the function q ␣ i ␤ j ab (r) and its derivatives at rϭ ␣␤ ab follows from Eq. ͑12͒:
͑27͒
Using these expressions in Eq. ͑22͒, we have
where P PY c is the PY compressibility pressure for the multicomponent hard-sphere system
The partial pair correlation functions h ␣ i ␤ j ab (r) are related to the regular pair site-site pair correlation functions h ␣␤ ab (r) by 29 
which follows from Eq. ͑8͒. Application of the Perram scheme requires the knowledge of the contact values of the partial correlation functions h ␣ i ␤ j ab (r) which follow from Eq.
͑9͒,
It is interesting to note that, as in the case of multicomponent dimerizing hard-sphere fluid, 22 the parameters with the indices i and j equal to zero coincide with the corresponding parameters for multicomponent hard-sphere system.
V. RESULTS AND DISCUSSION
The solution presented here is quite general, and can be applied to a number of the systems of interest. In particular, it can be used for the description of the structure and thermodynamical properties of the systems consisting of flexible macromolecules and their mixtures. In this section, we illustrate our solution by its application to the models of the polymer system consisting of the tangent freely jointed hardsphere monomers. In several recent publications, the linear version of this model was studied by using various integral equation approximations. These include the polymer reference interaction site model ͑PRISM͒ theory 39 and its extensions, 40, 41 Percus-Yevick ͑PY͒ theory extended to the polymer fluids, 42 multidensity integral equation theory [43] [44] [45] and a theory based on the polymer Born-Green-Yvon ͑PBGY͒ equation. 46, 47 The application of the PRISM theory focused mainly on the description of the long-chain polymer molecules, while the remainder of the theories mentioned above appear to be reasonably successful in the description of the short chains.
In this study, we consider systems with relatively short chain molecules, consisting at most of 16 monomeric units. For the sake of completeness, we also present some results for the structure of the chain molecules consisting of 50 units. We compare our results for thermodynamical and structure properties with the corresponding computer simulation results and results of the previous studies.
A. Equation of state
Substituting the expression for the contact value of the function g ␣ 0 ␤ 0 ab (r), Eq. ͑32͒ in Eq. ͑28͒ we have
͑34͒
As one might expect, in the case of homonuclear diatomic molecules, Eq. ͑34͒ coincides with the compressibility equation of state derived by Wertheim. 20 We note, however, that the compressibility equation of state for dimers derived in Refs. 33 and 34, does not coincide with the Wertheim's equation 20 or Eq. ͑34͒, although it is consistent with the numerical results of Yethiraj, 48 who applied the site-site compressibility equation to a PY-type closure of the CSL equation. This lack of agreement between Eq. ͑34͒ and the result that comes out of using the site-site form of the compressibility equation with the CSL equation is unexpected. We can detect no misprints or errors in any of the results pertaining to it so that the source of the difference remains obscure to us. We note, in passing, that Eq. ͑34͒ does coincide with the corresponding expression derived by Chiew 42 for flexible chains using a quite different approximation method. This equation of state has been studied earlier. 42, 49 It was also extended to the case of branched polymers. 49 In the present study, we compare the results of Eq. ͑34͒ with the corresponding results of the Monte Carlo ͑MC͒ simulation and generalized-Flory dimer ͑GF-D͒ theory 50 for star polymers, modeled by freely jointed hard spheres with one central bead which has several arms of equal length. We consider the same models as those studied in Ref. 50 , i.e., the three-arms and four-arms stars with three and five beads per arm, respectively. The hard-sphere sizes of the beads are chosen to be equal. For the model at hand the expression ͑34͒ takes the form
where m is the number of beads in the molecule. This expression coincides with the corresponding expression for the linear chain polymer. 42, 49 In Figs. 1 and 2 , we show a comparison between the predictions of the equation of state ͑35͒ with the corresponding results of the MC simulation and results of the GF-D theory. 50 The present equation of state is reasonably accurate, and in general has the same accuracy as that of the GF-D theory. 
B. Structural properties
We shall discuss here the results of the present theory for the structure of the one-and two-component linear chain polymer systems. As in several previous studies, 42, 44, 45 the structure is presented by the averaged site-site radial distribution function ͑RDF͒
The site-site ͑RDF͒ g ␣␤ ab (r) is obtained using expressions ͑30͒ and ͑31͒. In Fig. 3 , we compare our results for the one-component homonuclear chain fluid of the length mϭ4 and mϭ8 beads at different packing fractions with the corresponding results of the PY theory. 42 Although, both theories give the same compressibility equation of state, their predictions for the structure for the same systems are different. The difference in the averaged RDF decreases with the increasing total packing fraction and/or decreasing chain length. Comparison of the structure predicted by the CSL-PY theory and by the Monte Carlo simulation method 44, 45, 51, 52 are demonstrated in Figs approximation. 44, 45 In the case of the two-component mixture, the sizes of the beads belonging to the molecule are equal, while the sizes of the beads belonging to molecules of different species are chosen to be different.
In general, the agreement between the results of the present theory and MC results in the one-component case is only qualitatively accurate. This agreement is better for shorter chains and/or higher packing fractions. This can be seen, for example, from the comparison of the contact values of g ab (r) at a different values of packing fraction and chain length ͑Fig. 4͒. For the 4-mer system the agreement becomes semiquantitative at the relatively high packing fraction of ϭ0.34 ͑Fig. 5͒. For the long chains of 50 beads, the agreement between simulation and present theory is unsatisfactory even on qualitative level ͑Fig. 8͒. A similar conclusion holds for the two-component system. For the averaged RDF, which involve chains of short length ͑monomers or dimers͒, the agreement with MC simulation results is quantitative, while for the longer chains it is only qualitative. Excellent agreement was found for the binary mixture of dimers ͑Fig. 9͒. This agreement was not unexpected, since similarly good agreement was found earlier for the one-component systems of homonuclear and heteronuclear dimer 22, 24, 53 systems. In all the cases considered, the theory 44, 45 based on the Wertheim's multidensity formalism gives better predictions for the structure than those of the present theory.
VI. CONCLUSIONS
An analytical solution of the CSL equation closed by the PY approximation for the multicomponent rigid site-site hard-sphere fluid with an arbitrary number of sites in the molecules is obtained. By neglecting the intramolecular correlations at a distances larger than the contact distance between the sites not bonded directly the present solution is extended to the case of the flexible molecules. A closed-form analytic expressions for the compressibility pressure was derived. In the case of the linear chain systems, this equation of state coincides with the compressibility equation of state derived earlier. 42 The structure and thermodynamic properties of the freely jointed hard-sphere fluid are calculated and compared with the corresponding computer simulation results and results of earlier integral equation theories. Comparison of theoretical predictions for the compressibility pressure with Monte Carlo simulations shows that the present version of the CSL-PY theory is fairly accurate. However, predictions of the theory for the structure of the linear chain n-mer systems are quantitatively accurate only for the dimer case. The theory can be improved by assuming more accurate approximation for the intramolecular correlation between the sites separated by more than one bead. However, in this case, it will be difficult to preserve the analytic tractability of the problem. Fig. 9 for a mixture of 8-mers ͑species 1͒ and monomers ͑species 2͒ with 2 / 1 ϭ1.25 at 1 /ϭ1/3.
